To investigate the effect of Rhizoctonia crown and root rot (RCRR) on postharvest storage properties, roots with similar symptoms (based upon a 0 = no rot to 7 = 100% rotted scale) were grouped together and extractable sucrose, invert sugar, and respiration rate were determined 30 and 90 days after harvest (DAH). The respiration rate of roots 30 DAH with ratings of three, four, and five was 22, 92, and 213%, respectively, greater than roots with a two rating; 90-DAH respiration rate increases of 17, 84, and 201% were associated with ratings of three, four and five. The extractable sucrose concentration 30 DAH of roots with ratings of three, four, and five was 4, 14, and 29% less than roots with a two rating. Compared to roots with a two rating, 90-DAH decreases in extractable sucrose concentration of 4, 16, and 35% were associated with ratings of three, four and five. Invert sugar concentrations of roots with ratings of four and five were 3.3 and 10.8 times the concentration of roots with a three rating, 30 DAH. Roots with ratings of four and five had 6.6 and 26.1 times the invert sugar of roots with a three rating 90 DAH.
Most of the sugarbeet (Beta vulgaris L.) crop is harvested before it is threatened by autumn frosts and stored in large piles for processing during the winter, and in some regions, into the following spring. Sugar processors have developed protocols, which frequently involve considerable resources, to minimize sucrose loss and quality deterioration during postharvest storage (Bernhardson, 2009 ). Although clean, disease-free roots with minimal mechanical damage would be ideal, at least some infected roots from fields with one or more diseases are almost always incorporated into the storage piles (Campbell and Klotz, 2006b) .
Rhizoctonia crown and root rot (RCRR), caused by Rhizoctonia solani Kühn, is an endemic soilborne fungal disease of sugarbeet in most, if not all of the countries where the crop is grown (Panella, 2005; Asher and Hanson, 2006) . In one form of the disease, infection begins in the crown; the second form involves infection of the tap root that begins as a tip rot. While the initial point of infection is different, both forms result in root rot with symptoms ranging from negligible to so severe the root is unharvestable. Severity of RCRR depends on variety susceptibility, aggressiveness of the infecting isolate, inoculum concentration, root age at time of infection, and environmental conditions (Engelkes and Windels, 1994; Windels et al., 2009) . Foliar symptoms for both forms include a sudden wilting and the appearance of dark-brown to black lesions on the petioles (Windels et al., 2009) . Because of an increase in prevalence and severity of RCRR in the Great Lakes and northern plains of the U.S. in recent years, more diseased roots are destined for storage piles in these regions (Lumley and Poindexter, 2008; AgNotes, 2009 AgNotes, , 2011 . A 2008 study in Michigan examined the impact of mixing roots with RCRR with healthy roots on sugarbeet quality at harvest (Lumley and Poindexter, 2008) . Prior to being placed in storage piles, the sucrose concentrations of healthy and diseased roots mixed in proportions of 0, 10, 20, 40, 60, 80, and 100% of roots with RCRR averaged 18.3, 17.0, 16.6, 15.6, 14.3, 13.7, and 11.6%, respectively. Previous research has demonstrated that Aphanomyces root rot (caused by Aphanomyces cochlioides Drechsl.), rhizomania (caused by Beet necrotic yellow vein virus), and Fusarium yellows (causal agent Fusarium oxysporum f. sp. betae), increase postharvest respiration rate, sucrose losses, and invert sugar accumulation during storage (Campbell and Klotz, 2006a; Campbell et al., 2008; Campbell et al., 2011; Klotz and Campbell, 2009; Strausbaugh, et al. 2008) . Harvested roots, if not frozen, respire constantly to provide the energy and products needed to maintain the integrity of the root, heal wounds (Ibrahim et al., 2001) incurred during harvest and piling, and protect against pathogens. Respiration typically accounts for as much as 80% of the sugar lost during storage (Campbell and Klotz, 2006b) . Invert sugar is a product of sucrose breakdown. Elevated invert sugar concentrations increase the sodium carbonate required to maintain proper juice acidity, increase evaporator scaling, and increase juice color which hinders the production of white sugar (Dutton and Huijbregts, 2006) . Even small differences in sucrose losses and changes in processing quality during storage have significant economic impact. The industry needs information on the impact of RCRR on postharvest losses to develop strategies to minimize losses during storage of diseased roots and to determine when fields should be abandoned.
The objective of this study was to determine the impact of RCRR on extractable sucrose concentration, invert sugar concentration, and postharvest respiration rate of sugarbeet varieties (differing in susceptibility to RCRR) when roots were grouped into distinct disease categories ranging from healthy to severe and stored for up to 90 days after harvest.
MATERIALS AND METHODS
All roots used in the postharvest storage evaluations were obtained from trials at the University of Minnesota, Northwest Research and Outreach Center (NWROC), Crookston, MN in 2010 , and 2012 . Three commercial sugarbeet varieties were planted 10 May 2010; a RCRR susceptible variety, ACH-539RR (Crystal Beet Seed, Moorhead, MN), a moderately resistant variety, B-87RR38 (Betaseed, Inc., Shakopee, MN), and a resistant variety, H-4022RR (Syngenta, Longmont, CO) . The same three varieties plus an additional moderately resistant variety, B-88RR61 (Betaseed, Inc., Shakopee, MN) (Niehaus, 2011) , were planted on 17 May 2011 and 30 April 2012. Seed spacing was 6-centimeters and seedlings were thinned to 17 cm (~ 5.25 plants m -1 ) in rows 9.1 m long and 56 cm apart. Each experimental unit consisted of six rows. The experimental design was a split-plot with four replicates. Inoculation times were the main plots and varieties the subplots. Varieties were inoculated with ground barley grain inoculum of R. solani AG 2-2 applied over the rows and into the crowns with a Gandy applicator at 7, 9, and 11 weeks after planting (28, 40, and 40 g per 9.1 m row, respectively) in 2010, and 7 and 9 weeks after planting (28 g per 9.1 m row) in 2011 and 2012 (Ruppel, et al, 1979) . A R. solani AG 2-2 ISG IIIB strain, isolated in 1987 from pinto bean in the Red River Valley, with demonstrated pathogenicity on sugarbeet in several previous trials was used to produce the inoculum. A non-inoculated control was included for each variety in each year. Multiple inoculations ensured a range of disease severity at harvest (Brantner and Windels, 2008; Engelkes and Windels, 1996) . After inoculation, plots were cultivated to throw soil into crowns to favor infection by R. solani (Schneider et al., 1982) .
In each year of the trial, the RCRR was active and symptoms reflected the relative resistance of the varieties. In all years, the trial was fertilized and managed for optimal yield and quality of sugarbeet.
The trials were harvested on 16 September 2010, 14 September 2011, and 10 September 2012. Roots of each variety were rated for disease following a standard RCRR rating scale of 0 to 7 (Ruppel et al., 1979) . Ratings were: 0 = root surface clean with no visible lesions; 1 = superficial, scattered non-active lesions; 2 = shallow, dry rot cankers on < 5% of root surface; 3 = deep dry rot cankers at crown or extensive lateral lesions affecting 6-25% root surface; 4 = extensive rot affecting 26-50% of root, with cracks and cankers up to 5 mm deep; 5 = >50% of root blackened with rot extending into interior; 6 = entire root blackened except extreme tip; and 7 = root 100% rotted and foliage is dead. Roots of each variety were grouped into five distinct categories: 0 + 1 combined, 2, 3, 4, and 5 with 30 roots per disease category and replicate. Roots with ratings of six or seven were not collected because the rot was so severe the roots typically would not be harvested and placed in storage piles. Because of an insufficient number of roots with a disease rating of five for the most resistant variety, H-4022RR, it was not included in the 2011 and 2012 analyses. In order to obtain enough healthy roots for the storage trials, roots of the susceptible and moderately resistant varieties with a 0 or 1 rating often were collected from the noninoculated plots.
Harvested roots were promptly transported to Fargo, ND, washed, and placed in perforated plastic bags. The bags were placed on shelves in a room maintained at 5 o C and 90-95% relative humidity. Respiration rate (mg CO 2 kg -1 of roots h -1 ) was measured 30, 60, and 90 days after harvest (DAH). Extractable sucrose and invert sugar concentrations were determined 30 and 90 DAH. The respiration rate of 10-root samples was determined using an infrared carbon dioxide gas analyzer (LICOR LI-6252, Lincoln, NE) and an open system with continuous airflow over the roots (Campbell et al., 2011) . Sucrose concentration and purity were used to calculate extractable sucrose concentration. Sucrose was measured polarimetrically (Autopol 880, Rudolph Research Analytical, Flanders, NJ) using aluminum sulfate-clarified brei samples (McGinnis, 1982) . Purity was determined using the procedures described by Dexter et al. (1967) . Twenty-gram brei samples were oven dried at 80 o C to determine dry matter concentration. Extractable sucrose concentrations for the 30-DAH samples were expressed on a fresh weight basis. Concentrations for the 90-DAH samples were adjusted to account for changes in water content during storage and expressed on a fresh weight concentration with a water content equivalent to the corresponding sample 30 DAH. The aluminum sulfate-clarified filtrate used to determine sucrose concentration also was used to measure invert sugar concentrations. Invert sugar (glucose + fructose) concentrations were determined colorimetrically using end point, enzyme-coupled assays (Klotz and Martins, 2007) and expressed as grams per 100 grams of sucrose ( g (100 g S) -1 ).
Postharvest storage data were analyzed as a randomized complete block experiment with four replicates, three varieties, and five disease severity groups using the PROC GLM procedure (SAS 9.1; SAS Institute, Inc., Cary, NC). Means were compared using Fisher's protected least significant difference (LSD) with α = 0.05. Each year's trial was analyzed separately because the varieties included were not the same in all years. Single degree contrasts were employed to determine the significance of a linear or quadratic relationship between disease severity and each variable. Regression analysis, with RCRR severity as the independent variable and respiration rate, extractable sucrose concentration, or invert sugar concentration as the dependent variable, was employed to quantify the relationships between disease severity and storage properties. Because of large year-to-year differences in the variances and means of invert sugar concentration, and to a lesser extent the other variables; respiration rate, extractable sucrose, and invert sugar data for all five disease groupings within each year were standardized to a common mean and variance using the PROC STANDARD procedure (SAS 9.1) prior to the regression analysis. The mean of the standardized data was equal to the overall mean of each variable and the variance was the mean of the variances of the three years. The observation that all the means for 30-60-and 90-DAH respiration rates of B-87RR38 were consistently less than the corresponding respiration rates of the other two varieties at all disease ratings in 2010 prompted an examination of the relative respiration of this variety and the inclusion of a second moderately resistant variety, B-88RR61, in the 2011 and 2012 trials. The difference between the respiration rate of B-87RR38 and B-88RR61, both moderately resistant to RCRR, for all disease ratings, days after harvest, and replicates in 2011 and 2012 (n = 120) was compared using a paired t-test (PROC TTEST; SAS 9.1). A paired t-test also was used to compare extractable sucrose and invert sugar concentrations of the two varieties (n = 80).
RESULTS

Postharvest Respiration
Significant varietal differences in respiration rate 30, 60, and 90 DAH in 2010 and 90 DAH in 2012 were relatively small compared to the significant differences associated with RCRR severity for all sampling dates and years (Tables 1, 2, and 3). The only significant variety-by-disease interactions for respiration rate were for 60 DAH in 2010 and 90 DAH in 2012. The interaction appeared to be due to changes in rank between ACH-539RR and H-4022RR and a relatively high respiration rate for roots of ACH-539RR with a disease rating of five (Table 1) , compared to the other two varieties in 2010. In 2012, B-87RR38 had the lowest respiration at all disease ratings and the other two varieties changed rank in relation to each other. In addition, the respiration rate of B-88R61 roots with a rating of five was Table 1 . Postharvest respiration rate 30, 60, and 90 days after harvest (DAH) and extractable sucrose and invert sugar concentration of roots 30 and 90 DAH of a susceptible variety (ACH-539RR), a moderately resistant variety (B-87RR38), and a resistant variety (H-4022RR) with Rhizoctonia crown and root rot (RCRR), Crookston, MN, 2010.
RCRR rating (0 -7) † Variety 0-1 2 3 4 5 Mean larger, relative to the other disease ratings than similar relative respiration rates for the other varieties.
Respiration rates 30, 60, and 90 DAH generally increased as disease severity increased above a disease rating of two in all three years. In 2010, healthy roots (disease rating = 0 -1) had an average respiration rate of 3.54 mg CO 2 kg -1 h -1 30 d after harvest compared to a respiration rate of 6.27 mg CO 2 kg -1 h -1 for roots with a disease rating of five and 4.42 mg CO 2 kg -1 h -1 for roots with a disease rating of four (Table 1 ). Average respiration rates 30 d after the 2011 harvest followed a similar pattern (Table 2) ; however, the 3.62 mg CO 2 kg -1 h -1 difference between the healthy roots (3.49 mg CO 2 kg -1 h -1 and roots with a disease rating of five (7.11 mg CO 2 kg -1 h -1 ) was greater than the 2.73 mg CO 2 kg -1 h -1 difference observed in 2010. In 2012 (Table 3) , the 10.14 mg CO 2 kg -1 h -1 difference between the respiration rate (3.54 mg CO 2 kg -1 h -1 ) 30 DAH of healthy roots (0-1 rating) and roots with a disease rating of five (13.68 mg CO 2 kg -1 h -1 ) was greater than differences observed in 2010 or 2011. Respiration rates of roots with a disease rating of four were slightly elevated, compared to roots with lower ratings. Differences among roots with ratings of three or lower were relatively small 30, 60, and 90 DAH in all three years.
By 90 DAH, the respiration rate of roots with all disease ratings had increased compared to respiration rates 30 and 60 DAH (Tables  1 -3) . Roots with a disease rating of five had significantly higher respiration rates (6.33 mg CO 2 kg -1 h -1 in 2010, 8.60 mg CO 2 kg -1 h -1 in 2011, and 16.69 mg CO 2 kg -1 h -1 in 2012) than all other disease categories. Respiration rates of healthy roots were 1.25, 0.99, and 0.03 Tables 1, 2 , and 3 did not indicate significant increases in respiration rate in roots with a RCRR rating of three or lower; however, results of the regression analyses ( Figure  1 ) indicate that respiration rates 30 and 90 DAH began to increase at disease ratings greater than two (slope of the curve equaled zero at disease ratings of 2.06 and 2.13, 30 and 90 DAH, respectively). Thirty days after harvest, regression analyses predicts the respiration rate of roots with RCRR ratings of three, four, and five would be 22, 92, and 213%, respectively, greater than roots with a rating of two. Compared to roots with a disease rating of two, 90-DAH respiration rate increases of 17, 84, and 201% would be predicted for roots with ratings of three, four and five, respectively.
In 29 of the 30 comparisons encompassing all disease severity groups and sampling dates in 2011 and 2012 (Tables 2 and 3) , the average respiration rate of B-87RR38 was less than the respiration rate of B-88RR61. When data from the individual replicates were included, the respiration rate of B-88RR61 was greater than the respiration rate of B-87RR38 for 94 of the 120 pairs; 78% of the observations. The 26 paired comparisons in which B-87RR38 had a higher respiration rate than B-88RR61 did not appear to be associated with disease severity or sampling date. Among the pairs in Invert sugar (g (100 g sucrose) -1 ), 90 DAH * Differences between main effect means followed by a common letter are not significant according to Fischer's protected LSD (P = 0.05). † A RCRR rating of 0 = root surface clean with no visible lesions; 1 = superficial, scattered non-active lesions; 2 = shallow, dry rot cankers on ≤ 5% of root surface; 3 = deep dry rot cankers at crown or extensive lateral lesions affecting 6-25% root surface; 4 = extensive rot affecting 26-50% of root, with cracks and cankers up to 5 mm deep; 5 = ≥ 50% of root blackened with rot extending into interior; 6 = entire root blackened except extreme tip; and 7 = root 100% rotted and foliage is dead. Roots with a 6 or 7 rating were not included because the severe rot would render them unharvestable. which the respiration rate of B-87RR38 was higher than that of B-88RR61; three had disease ratings of one, five were rated two, and 6 each were classified as three, four, or five. Similarly, nine, seven, and ten of the 26 pairs occurred 30, 60, and 90 DAH, respectively. The average difference between the two varieties was 1.39 mg CO 2 kg -1 h -1 (CI 0.95 = 0.76 to 2.02 mg CO 2 kg -1 h -1 ; P < 0.001).
Extractable Sucrose
Differences among varieties in extractable sucrose concentration were small and not significant 30 or 90 DAH in 2010, 2011, or 2012 and there were no significant variety-by-disease severity interactions (Tables 1, 2, and 3) . Furthermore, the 3 kg Mg -1 average difference in extractable sucrose concentration in the 2011 and 2012 paired comparisons of B-87RR38 and B-88RR61 was not significant (P = 0.27). In contrast, disease severity had a significant effect on extractable sucrose concentration at both sampling dates in all three years.
Thirty days after harvest the mean extractable sucrose concentrations associated with disease ratings of three or lower ranged from 158 kg Mg -1 to 145 kg Mg -1 , from 155 kg Mg -1 to 147 kg Mg -1 and from 164 kg Mg -1 to 160 kg Mg -1 in 2010, 2011, and 2012, respectively (Tables 1 -3). In 2010, roots with a disease rating of four had 136 kg Mg -1 extractable sucrose while roots with a rating of five had 124 kg Mg -1 ; 27 kg Mg -1 less extractable sucrose than the healthy roots ( Invert sugar (g (100 g sucrose) -1 ), 90 DAH * Differences between main effect means followed by a common letter are not significant according to Fischer's protected LSD (P = 0.05). † A RCRR rating of 0 = root surface clean with no visible lesions; 1 = superficial, scattered non-active lesions; 2 = shallow, dry rot cankers on ≤ 5% of root surface; 3 = deep dry rot cankers at crown or extensive lateral lesions affecting 6-25% root surface; 4 = extensive rot affecting 26-50% of root, with cracks and cankers up to 5 mm deep; 5 = ≥ 50% of root blackened with rot extending into interior; 6 = entire root blackened except extreme tip; and 7 = root 100% rotted and foliage is dead. Roots with a 6 or 7 rating were not included because the severe rot would render them unharvestable.
roots with a 0-1 rating 30 DAH (Table 2 ). The greatest difference between healthy roots and roots with a disease rating of four or five 30 DAH occurred in 2012 (Table 3) . Roots with a disease rating of four had an average extractable sucrose concentration of 140 kg Mg -1 , roots with a five rating had 107 kg Mg -1 ; 57 kg Mg -1 less extractable sucrose than the 164 kg Mg -1 of the healthy roots (disease rating of 0-1). In 2010, the relative and actual extractable sucrose concentrations 90 DAH were similar to the extractable sucrose concentrations observed 30 DAH (Table 1 ). The extractable sucrose concentration of healthy roots 90 DAH was 19 and 5 kg Mg -1 less than the extractable sucrose concentration 30 DAH in 2011 and 2012 (Tables 1 and 2) , respectively. Similarly, 90 DAH extractable sucrose concentrations of roots with a disease rating of five were 16 and 45 kg Mg -1 less than the corresponding extractable sucrose concentrations 30 DAH in 2011 and 2012, respectively. The difference between the extractable sucrose concentration of healthy (disease rating = 0-1) roots and roots with a disease rating of five 90 DAH (45 kg Mg -1 ) was similar to the difference in extractable sucrose 30 DAH (48 kg Mg -1 ) in 2011 (Table  2 ). In 2012, the 97 kg Mg -1 extractable sucrose concentration difference between healthy roots (159 kg Mg -1 ) and roots with a disease rating of five (62 kg Mg -1 ) 90 DAH was 1.7 times the corresponding difference 30 DAH (Table 3) .
As with respiration rate, the regression analyses (Figure 1) indicated that RCRR reduced extractable sucrose concentration at disease ratings as low as two (slope equaled zero at disease ratings of 1.62 and 2.00, 30 and 90 DAH, respectively) and the relative magnitude of the reduction in extractable sucrose increased as disease severity increased. Based upon the regression equations, roots with a disease rating of two would have 4 kg Mg -1 less extractable sucrose 90 DAH than roots with a disease rating of two 30 DAH. Ninety days after harvest, roots with a disease rating of five would have 13 kg Mg -1 less extractable sucrose than similar roots 30 DAH. Thirty days after harvest, the extractable sucrose concentration of roots with RCRR ratings of three, four, and five would be 4, 14, and 29%, respectively, less than roots with a rating of two. Compared to roots with a disease rating of two, 90-DAH decreases in extractable sucrose concentration of 4, 16, and 35% would be associated with ratings of three, four and five, respectively.
Invert Sugar
As with respiration rate and extractable sucrose concentration, RCRR severity had a significant impact upon invert sugar concentration 30 and 90 DAH in all three years. Differences among variety means were not significant, except in 2011, when the invert concentrations of B-88RR61 90 DAH was higher than the invert concentration of the other two varieties. The only significant variety-by-disease-severity interaction occurred in 2010 30 DAH. Not only were there changes in rank among the varieties at different disease ratings in 2010 but also an increase in the magnitude of the differences among varieties as disease severity increased. Healthy roots (disease rating 0-1) differed by 0.03 g (100 g S) -1 or less 30 DAH. In contrast, the varieties differed by as much as 2.92 g (100 g S) -1 for roots with a disease rating of five (Table 1) .
The mean differences in invert sugar concentration among roots with disease ratings of three or less and, in most cases four or less were not significant (Tables 1 -3) . However, in all years the linear and quadratic contrasts were significant (P < 0.001) for both sampling dates. In 2010 (Table 1) , roots with a zero to one, three, or five RCRR rating had invert sugar concentrations of 1.23, 1.76, and 4.76 g (100 g S) -1 , respectively, 30 DAH (Table 1) . Corresponding 90 DAH invert sugar concentrations were slightly greater; 1.52, 2.34, and 5.26 g (100 g S) -1 . Thirty days after the 2011 harvest, the invert sugar concentration of roots with a disease rating of four was 2.8 times that of healthy roots (disease rating = 0 -1) and the concentration of invert sugar in roots with a disease rating of five was 8.7 times the concentration in healthy roots (Table 2) . Ninety days after harvest the invert sugar concentration of roots with a disease rating of four was 1.8 times that of healthy roots and there was a 5.6-fold increase in roots with a rating of five. In 2012, the relative invert sugar concentrations 30 DAH were similar to those observed 30 DAH in 2011; a 2.0-fold increase in invert sugar associated with a disease rating of four and an 8.1-fold increase associated with a rating of five (Table  3) . Ninety days after the 2012 harvest, the invert sugar concentration of roots with disease ratings of three, four, and five was 1.7, 3.6, and 19.6 times the invert sugar concentration of healthy roots, respectively ( Table 3) .
Results of the regression analyses indicate RCRR ratings below three had minimal impact on invert sugar concentration (slope equaled zero at disease ratings of 2.66 and 2.71, 30 and 90 DAH, respectively) and the relative magnitude of the increase in invert sugar increased as disease severity and time in storage increased ( Figure  1 ). Thirty days after harvest, the invert sugar concentration of roots with disease ratings of four and five would be 3.3 and 10.8 times, respectively, the concentration of roots with a rating of three. Ninety days after harvest, roots with disease ratings of four and five would have 6.6 and 26.1 times the invert sugar, respectively, of roots with a rating of three. The invert sugar concentrations of 8.11 and 31.88 g (100 g S) -1 associated with roots with four and five ratings 90 DAH were approximately twice the 4.72 and 15.52 g (100 g S) -1 associated with roots with four and five ratings 30 DAH.
For 17 of the 20 comparisons encompassing all disease severity groups and sampling dates in 2011 and 2012 (Tables 2 and 3) , the average invert sugar concentration of B-88RR61 was greater than the invert sugar concentration of B-87RR38. When data from the in-dividual replicates were included, the invert sugar concentration of B-88RR61, the variety with the higher respiration rate, was greater than the invert sugar concentration of B-87RR38 for 71% of the paired observations (57 of 80 pairs). Among the pairs in which the invert sugar concentration of B-87RR38 was higher than that of B-88RR61, seven had disease ratings of one, five were rated two, three each were classified as three and four, and five were rated five. Similarly, 14, and nine of the 23 pairs occurred 30 and 90 DAH, respectively. The average difference between the two varieties was 3.05 g (100 g S) -1 (CI 0.95 = 0.57 to 5.52 g (100 g S) -1 ; P = 0.02). Ten of the 23 pairs in which B-87RR38 had a greater invert sugar concentration than B-88RR61 were among the 26 pairs in which the respiration rate of B-87RR38 was greater than the respiration rate of B-88RR61. The correlation between the differences between the invert sugar concentrations of the paired observations and the corresponding differences in respiration rate was positive (r = 0.61; n = 80, P < 0.001).
DISCUSSION AND CONCLUSIONS
Small increases in respiration rate and a small decrease in extractable sucrose concentration were associated with roots exhibiting mild RCRR symptoms (disease ratings of 2 or 3) regardless of the inherent resistance level of the variety. When included in storage piles at a low frequency with otherwise healthy, clean roots, these roots would be expected to have minimal impact on storage and, in practice, excluding them from piles would often be difficult. However, substantial elevations in respiration rate and invert sugar concentration and reductions in extractable sucrose concentration occurred in roots with moderate to severe RCRR symptoms (disease ratings of 4 or 5). Only a few roots of the resistant variety had RCRR ratings of 4 or more, compared to the susceptible and moderately resistant varieties, which typically had roots with ratings of 5 or greater (and roots with no RCRR symptoms were infrequent). Disease severity of all varieties, including resistant varieties, increases when infection occurs early in the season, inoculum concentration is high, the infecting isolate of R. solani is aggressive, or the weather is warm and wet (Engeles and Windel, 1994; Windels et al., 2009) Storage of roots with >25% of the surface diseased (RCRR ratings of 4 and higher) should be done with caution. In a storage pile where healthy and diseased roots are mixed, the temperature increases due to the elevated respiration rates (Campbell and Klotz, 2006b ) of the diseased roots would increase the respiration rate of the surrounding healthy roots. The magnitude of the detrimental effects of the diseased roots on nearby healthy roots would depend on the extent to which heat is dissipated from the pile. The samples upon which the relationships observed in this report are based were stored in a refrigerated room with fans for circulation. These storage conditions would minimize contrasts between healthy and diseased roots to the extent it negates any temperature increase associated with elevated respiration rates in storage piles. The elevated invert sugar concentration of roots with severe RCRR would complicate and slow factory operations (Dutton and Huijbregts, 2006) and perhaps extend the processing campaign, if a substantial quantity of diseased roots were being processed. Furthermore, the negative impact of the elevated invert sugar concentration in roots with severe RCRR would increase as storage duration increased.
The acceleration of respiration rate and invert sugar concentration associated with increasing RCRR severity may be a reflection of the proportion of the internal root tissue infected with R. solani. RCRR ratings are based upon surface observations; however, as RCRR severity increases, the penetration of the fungus into the internal tissue also tends to increase (Figure 2 ). Mumford and Wyse (1976) observed a large increase in invert sugar concentration in tissue several centimeters from infection sites of roots with severe stor- age rots. This phenomenon may be contributing to the high invert sugar concentration associated with severe RCRR observed in this study.
The relationships between disease severity and storage characteristics presented in this report (Figure 1) provide insight into the impact of RCRR on storage properties that may be useful for developing general management strategies. However, it should be recognized that environmental conditions during the growing season may alter the magnitude of the negative impact of RCRR on storage losses. In particular, environmental conditions late in the growing season that favor continued rot progression vs. conditions that suspend progression of the disease affect the activity of the rot at harvest and likely the magnitude of its impact on subsequent storage (Campbell and Klotz, 2006a) . For example, the average 30 DAH respiration rate of healthy roots in 2010 (Table 1 ) and 2012 (Table 3) was equal but the respiration rate of roots with severe RCRR was 1.8 and 3.9 times that of the healthy roots in 2010 and 2012, respectively. Similar trends were observed in the other traits examined.
Most of the documentation of inherent differences in postharvest respiration rate has relied upon studies utilizing fresh healthy roots with no apparent disease symptoms (Campbell, 2005) . The comparison of the postharvest respiration rate of B-87RR38 with B-88RR61, both moderately resistant varieties with similar extractable sucrose concentrations of healthy roots, suggests that a low inherent respiration rate is beneficial regardless of the severity of RCRR and time in storage. If this relationship between respiration rate and disease severity is confirmed in additional studies, development of adapted sugarbeet varieties with combined low inherent respiration rate and resistance to prevalent root diseases has the potential to noticeably reduce postharvest losses.
In general, differences in respiration rate, extractable sucrose concentration, and invert sugar concentration between healthy roots and roots with high disease ratings within a variety did not appear to be related to the resistance level of the variety. However, to the extent possible, reducing the frequency of roots with higher disease ratings that are harvested is an effective method of reducing the storage losses associated with RCRR. The resistance level of a variety has considerable impact on the frequency and severity of roots with RCRR ( Figure 3) ; making host-plant resistance one of the more effective control measures available (Panella, 2005; Buhre, et al., 2009; Khan and Bolton, 2010) . In 2010, roots of the susceptible variety inoculated with R. solani nine weeks after planting had an average RCRR rating of 5.4. In contrast, roots of the moderately resistant variety had an average rating of 4.4 and the most resistant variety had an average rating of 3.5, illustrating the importance of resistance in reducing losses both prior to harvest and during postharvest storage. Longer rotations between sugarbeet crops, avoiding certain crops pre-ceding sugarbeet, proper fertility and water management, proper cultivation, and fungicide applications are among the production practices that will further reduce the incidence and severity of RCRR (Asher and Hanson, 2006; Buhre et al., 2009; Windels et al., 2009) .
Figure 3.
Foliar symptoms and mean disease rating for three varieties with varying resistance to Rhizoctonia crown and root rot (RCRR). Disease severity was rated on a 0-7 scale where 0 = healthy roots and 7 = root 100% rotted and foliage dead. Varieties are susceptible (ACH-539RR), moderately resistant (B-87RR38) and resistant (H-4022RR) to RCRR. Sugarbeet crowns were inoculated with Rhizoctonia solani AG 2-2 nine weeks after planting, Crookston, MN, 2010. 
